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ABSTRACT
In mammals, small RNAs are important players
in post-transcriptional gene regulation. While their
roles in mRNA destabilization and translational re-
pression are well appreciated, their involvement in
endonucleolytic cleavage of target RNAs is poorly
understood. Very few microRNAs are known to guide
RNA cleavage. Endogenous small interfering RNAs
are expected to induce target cleavage, but their
target genes remain largely unknown. We report a
systematic study of small RNA-mediated endonucle-
olytic cleavage in mouse through integrative analysis
of small RNA and degradome sequencing data with-
out imposing any bias toward known small RNAs.
Hundreds of small cleavage-inducing RNAs and their
cognate target genes were identified, significantly
expanding the repertoire of known small RNA-guided
cleavage events. Strikingly, both small RNAs and
their target sites demonstrated significant overlap
with retrotransposons, providing evidence for the
long-standing speculation that retrotransposable el-
ements in mRNAs are leveraged as signals for gene
targeting. Furthermore, our analysis showed that the
RNA cleavage pathway is also present in human
cells but affecting a different repertoire of retrotrans-
posons. These results show that small RNA-guided
cleavage is more widespread than previously ap-
preciated. Their impact on retrotransposons in non-
coding regions shed light on important aspects of
mammalian gene regulation.
INTRODUCTION
In mammals, the best known small RNA targeting path-
ways include destabilization or translational repression of
target mRNAs (1,2). A third mechanism, small RNA-
guided endonucleolytic cleavage of target RNAs, is assumed
to be very rare in animals, although it is prevalent in plants
(3). Thus far, only a small number of microRNAs (miR-
NAs) were predicted to have this function in mammals (4–
8), affecting a very small number of target genes. Endoge-
nous small interfering RNAs (endo-siRNAs) are expected
to induce target cleavage (9). However, their targetome is
not yet well characterized.
The catalytic function ofAgo2, which carries out the slic-
ing reaction onmRNA targets, is highly conserved through-
out mammals (10). This observation suggests that small
RNA-directed cleavage may be an essential aspect of mam-
malian gene regulation andmore widespread than currently
appreciated. Three factors may have hindered progress in
this research area. One is the possibility that small RNA-
directed cleavage is highly cell type-specific. The specific
cell types examined by previous studies may have failed to
reveal the bulk of such events. Second, a diverse panel of
small RNAs, not limited to miRNAs or siRNAs, may me-
diate mRNA cleavage, an aspect that has not been explored.
Third, technical challenges, such as the enrichment of repet-
itive elements in the target sites or small RNAs, may have
prevented discovery of the full spectrum of small RNA-
mediated cleavage events.
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Our study aimed to address the above challenges and
better characterize small RNA-mediated cleavage in mam-
mals. We analyzed a large amount of small RNA and De-
gradome Sequencing data (Deg-Seq, also known as PARE),
with the latter capturing the 5′ ends of RNA degradation
products (11,12), in mouse embryonic stem cells (mESCs),
testis and cerebellum. This analysis allowed a systematic
characterization of small cleavage-inducing RNAs (sciR-
NAs) and their targets simultaneously. Our bioinformatic
method captures any type of sciRNAs, unlimited to known
RNA classes, and accommodates existence of repetitive se-
quences in the RNA. As a result, we identified 398 sciR-
NAs and 810 cognate cleavage target genes, much more
than previously known in the literature. Interestingly, about
40% of sciRNAs overlap known miRNAs, endo-siRNAs
or piwi-interacting RNAs (piRNAs), revealing novel tar-
gets of these RNA regulators. This observation also indi-
cates that sciRNAs, defined to conveniently refer to their
function, may have diverse biogenesis pathways. sciRNAs
demonstrated a high degree of cell type-specificity, devel-
opmental stage-specificity, and diversity in possible func-
tional pathways. A striking feature of both sciRNAs and
their target cleavage sites is their significant overlap with
retrotransposable elements, providing evidence for the first
time that retrotransposons in transcripts are leveraged as
signals for gene targeting.Additionally, our analysis showed
that the sciRNA pathway is also present in human cells but
affecting a different repertoire of retrotransposons. Thus,
sciRNA targeting is a conserved mechanism between hu-
man and mouse but involves different sciRNA molecules
and targets, possibly reflecting the divergence of retrotrans-
posons between the two genomes.
MATERIALS AND METHODS
Bioinformatic prediction of sciRNAs and their targets
Preprocessing. Deg-Seq and small RNA-Seq reads were
trimmed with cutadapt (13) to remove adapters and PCR
primers. For mESCs, Deg-Seq and small RNA-Seq data
sets were acquired from GSE21975 (8) and GSE35368
(SRR402760, SRR402761, SRR402762, SRR402766) (14),
respectively, while other data sets were generated in-house.
3′ end regions with quality less than 20 were also trimmed
from Deg-Seq reads. A minimum length of 19 nt was re-
quired for small RNA-Seq since typical known small RNAs
are longer than 19 nt. A minimum length of 25 nt was re-
quired for Deg-Seq reads to ensure specific mapping to the
genome while retaining as many reads as possible. The first
step of the pipeline was the exclusion of small RNA-Seq
and Deg-Seq reads with low complexity since such reads
tend to base-pair with each other by random chance. Low
complexity reads were defined as those with tandem repeats
of mono-, di-, tri- or quad-nucleotides of 5, 3, 2, 2, respec-
tively. The length cutoffs were determined by examining re-
peat patterns of known functional small RNAs. Small RNA
sequences were required to have length 19–24 nt and read
count ≥20.
Gene annotation. To define a comprehensive set of an-
notated mRNAs, we merged the following gene annota-
tion databases: Ensembl, UCSC knowngene, RefSeq, Ve-
gaGene, GENCODE, Pseudogene.org and NONCODEv4
(15).
Define significant peaks. Deg-Seq reads were aligned only
to annotated regions (listed above) of genome mm10 or
hg19 using Bowtie v.0.12.7 (16) requiring no mismatches
and reporting up to 100 valid alignments. Reads that were
mapped non-uniquely to the genomewere counted as 1/n in
calculating Deg-Seq coverage, where n is the total number
of mapped loci. To identify Deg-Seq peaks (i.e. high cov-
erage sites), we applied a binomial test to each continuous
stretch of ≤4 nucleotides with ≥3 reads in each transcript.
The expected probability of observing aDeg-Seq peak is 1/l
where l is the total number of nucleotides in the transcript
of interest with read coverage ≥1. A P-value cutoff was de-
termined as the smaller of the Bonferroni-correctedP-value
or 0.05. These significant peaks were considered candidate
cleavage sites.
Small RNA-target alignment and parsing. The candidate
cleavage sites with their upstream and downstream 25 nt
were aligned to unique small RNA-Seq reads that passed
the length and coverage filters. This alignment was con-
ducted using miRanda (17) requiring a score of at least
60. miRanda was chosen as a convenient local alignment
tool that aligns sequences by complementary (as opposed
to matching) nucleotides and allows GUwobbles. However,
the scoring option for miRNA seed match was not used be-
cause we require complementarity beyond the seed region
for candidate sciRNAs. Additionally, the thermodynamic
energy calculation was not used in order to minimize the
number of assumptions we make and obtain a large initial
list that can be later filtered using customized criteria. Nu-
cleotides 9–11 relative to the 5′ end of the small RNA were
required to match perfectly and overlap the Deg-Seq peak
since this is required for cleavage-competent pairing (18).
Gaps and G = U wobble base pairing were allowed, count-
ingG=Ubase pairing asmismatch 0.5. Unique alignments
with at most 4 mismatches were retained for further analy-
ses, which we call ‘candidate sciRNAs’ and their targets.
100x shuffled sciRNAs. Given the large number of small
RNAs and Deg-Seq peaks, control analyses were carried
out to ensure that the base-pairing relationship was more
significant than expected by chance. One hundred shuffled
controls were generated for each candidate sciRNA, main-
taining di-nucleotide frequencies in the sciRNA and mask-
ing simple repeats. Simple repeats were defined as tandem
repeats of mono-, di-, tri- or quad-nucleotides (number of
repeats> 3, 2, 2, 2, respectively). Unique controls were then
aligned to the significant Deg-Seq peaks and their flanking
regions followed by parsing as described above for the true
small RNA-Seq data. Although it is desirable to use a larger
number of shuffled controls, we found that the majority
(mESCs, 73%; testis, 74%; cerebellum, 70%) of small RNAs
had fewer than 100 unique shuffles due to low complexity
and the constraints we imposed in shuffling (maintaining di-
nt frequencies and simple repeats). Approximately half had
less than 90 unique shuffled controls (mESCs, 50%; testis,
52%; cerebellum, 43%). These data suggest that the usage
of 100 shuffled controls was a reasonable choice.
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Calculate signal-to-noise ratio (SNR). To identify sciR-
NAs with more targets than expected by chance, a signal-
to-noise ratio was calculated using the true and con-
trol sciRNA-target alignments. First, an individual SNR
(iSNR) was calculated for each candidate sciRNA at mis-
match cutoffs ranging from 0 to 4 at 0.5 intervals. iSNR is
defined as the ratio of total targets of the candidate sciRNA
to the total targets of all shuffled small RNAs (plus a pseu-
docount) normalized by the total number of unique shuffled
small RNAs (required to be >10). To avoid over-counting
targets due to sequence similarity among smallRNAs, those
small RNAs sharing at least one common 17-mer were
grouped together. In other words, for a given group, at least
2 small RNAs share a 17-mer. The results were not very
sensitive to this parameter within the range of 15–18. For a
range of iSNR cutoffs, a group SNRwas calculated for each
group of small RNAs as the ratio of total targets of candi-
date sciRNAs in the group to the total targets of all shuffled
small RNAs in the group normalized by the total number of
unique shuffled small RNAs. Aminimum iSNR cutoff of 10
was chosen, although the resulting sciRNA-target predic-
tions with less than 3 mismatches were insensitive to iSNR
cutoffs. Finally, an average SNR was calculated for a given
data set as the average of all group SNRs. The output of
this pipeline is the small RNAs that have significantly more
targets compared to their controls, which we call ‘predicted
sciRNAs,’ and their targets. A signal-to-noise ratio was cho-
sen as an alternative to, for example, an empirical P-value
using the 100 shuffled controls as a null distribution. The
SNRmethod affords higher resolution to detect highly con-
fident sciRNA-target pairs, as most empiricalP-values were
very small.
Total RNA samples
Total RNA samples for whole brain embryo E10, cerebel-
lum embryo E14, cerebellum embryo E18, cerebellum post-
natal (PN) 3 weeks, cerebellum PN 6 months, testis embryo
E14, testis embryo E18, testis PN 3 weeks and testis PN 6
months were purchased from Zyagen. All RNAs were ob-
tained from the same BALB/Cmouse strain. Total RNA of
H1 cells was isolated using Trizol (Life Technologies). Addi-
tional column purification and DNaseI treatment were ap-
plied using Direct-zol RNA kit (Zymo Research).
Construction of small RNA sequencing libraries
Spike-in RNAs (Exiqon) were added into 1 g total RNA
before library construction. Small RNA sequencing li-
braries were generated using NEBNext Small RNA library
Prep kit and NEBNext multiplex oligos for Illumina ac-
cording to the manufacturer’s instructions (NEB). The final
libraries were purified from 6%PAGEgel, and their concen-
trations weremeasured usingQubit fluorometric assay (Life
Technologies).
Construction of RNA sequencing libraries
rRNAwas depleted using RiboMinus Trnascriptome iosla-
toin kit (Life Technologies) from 10 g total RNA. ERCC
Spike-in RNA (Life Technologies) was added to 500 ng of
rRNA depleted RNA. mRNAwas isolated using the NEB-
Next Poly(A) mRNA magnetic isolation module. mRNA
sequencing libraries were generated using the NEBNext Ul-
tra Directional RNA library Prep kit and NEBNext mul-
tiplex oligos for Illumina according to the NEB. Final li-
braries were examined using the Qubit fluorometric assay
(Life Technologies) and Bioanalyzer (Agilent) for quality
confirmation. Note that RNA sequencing was carried out
for testis samples, not cerebellum, given the low number of
sciRNAs predicted in the latter.
Construction of Degradome sequencing libraries
To generate the degradome sequencing libraries, we used
the global 5′ RACE library preparation method (8) with
some modifications. Briefly, poly(A)+ mRNA was iso-
lated from 400–500 g of total RNA using Dynabead
Oligo(dT) (Life Technologies) according to the manufac-
turer’s instructions. This procedure was repeated to in-
crease the effectiveness of poly(A) selection. The NEBNext
Small RNA library Prep kit was used for 5′ adapter liga-
tion, followed by reverse transcription using random hex-
amer primers containing the 3′ SR adapter sequence 5′-
AGACGTGTGCTCTTCCGATCTNNNNNN. PCR was
conducted in 25 cycles at 94◦C 15 s, 60◦C 30 s, 70◦C 1 min.
The final libraries were purified from 6%PAGE gel followed
by AMPure XP Beads size selection (Beckman Coulter).
RESULTS
Prediction of sciRNA-mediated RNA cleavage events
We first examined whether the Deg-Seq peaks identified in
our study could be artifacts due to PCR amplification bias.
Since PCRamplification bias is known to be associatedwith
or reflected in biases inGC content, nucleotide composition
and read length (19), we examined these features for reads
overlapping Deg-Seq peaks and reads outside of Deg-Seq
peaks. We further separated each group of reads into those
that have unique sequences (compared to other reads in the
same peak) and those that are duplicated. Overall, there ap-
pears to be very little PCR amplification bias (Supplemen-
tary Figure S1).
Next, to evaluate whether it is potentially feasible to iden-
tify RNA cleavage events usingDeg-Seq and small RNA se-
quences, we aligned a set of predicted endo-siRNAs (20) to
the ±25 nt flanking sequence of significant Deg-Seq peaks
in mESCs (8). At nucleotides 9–11 from the 5′ end of the
endo-siRNA, there was an enrichment of Deg-Seq reads in
wild type (WT)mESCs (Supplementary Figure S2, red) and
a depletion of reads inAgo2-/-mESCs (Supplementary Fig-
ure S2, grey). This result is consistent with the known bio-
chemical properties of Ago2 which cleaves the phosphodi-
ester bond corresponding to bases 10–11 of the small RNA
(18,21), suggesting that combined usage of Deg-Seq and
small RNA-Seq with appropriate controls may enable iden-
tification of functional sciRNAs and their targets.
To achieve the above goal, we analyzed Deg-Seq and
small RNA-Seq data as illustrated in Figure 1A (see Mate-
rials and Methods). This analysis was carried out for three
cell types: mESCs, adult mouse cerebellum post-natal 6
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Figure 1. Prediction of sciRNA-mediated mRNA cleavage events. (A) Bioinformatic pipeline schematic. (B) Left panel: average SNR for each mismatch
cutoff in mESCs; right panel: optimal mismatch cutoff corresponding to the maximum average SNR for each data set. (C) Venn diagram of sciRNAs
identified in mESCs, testis 6M PN, and cerebellum 6M PN. (D) Pie chart of sciRNA annotations (total = 398, combining sciRNAs from 3 cell types). (E)
An example of predicted sciRNA-mediated cleavage. Read distributions are shown for the 3′ UTR of theMtrr gene in Deg-Seq data of wild type (WT, red)
and Ago2 knockout (blue) mESCs. Alignment of the sciRNA to the Deg-Seq peak is shown in a box, where a solid line indicates a base pair match, dotted
line indicates a G=Uwobble, X indicates a mismatch, and black arrow indicates location of the Deg-Seq peak. (F) Experimental validation of target RNA
cleavage mediated by small RNAs. A total of 200 ng of Kpna4, NONMMUG002900, Zfp389 or NONMMUG003416 (Trafip2-as) RNA were incubated
with different amount of HeLa S100 loaded with 50 nM synthetic sciRNA at 37◦C for 30 min. Arrows indicate cleaved 5′ RNA fragments (whose sizes
are consistent with predicted cleavage products). Small RNA/target RNA sequences are shown with arrowheads indicating the predicted cleavage sites (4
sites identified as Deg-Seq peaks in Zfp389).
Nucleic Acids Research, 2016, Vol. 44, No. 7 3257
months (6M PN) and adult mouse testis (6M PN) (see Sup-
plementary Table S1 for all data sets in this study). Cerebel-
lum and testis were chosen in order to compare and con-
trast sciRNA-mediated RNA cleavage in a tissue contain-
ing mature non-dividing cells with a tissue containing fre-
quently dividing germ cells, respectively. mESCs were in-
cluded because previously published small RNA-Seq and
Deg-Seq data were available. Since complementary base
pairing along the small RNA is likely required to induce
cleavage (4), mismatches were counted in the entire small
RNA-target alignment rather than the seed region alone.
Across all data sets, the optimal mismatch cutoff corre-
sponding to the highest average SNR was at most 1.5 (Fig-
ure 1B, Supplementary Figure S3). Thus, we allowed up to
1.5 mismatches for all downstream analyses.
Table 1 summarizes the total small RNAs predicted to in-
duce cleavage and the set of Deg-Seq peaks that they target.
Notably, many sciRNAs had more than one target, result-
ing in more than 1000 total sciRNA-target pairs. Supple-
mentary Table S2 describes these sciRNAs and targets in
detail. The relative scarcity of sciRNAs and targets in cere-
bellum is unlikely due to low sequencing depth since testis
has the lowest number of Deg-Seq peaks and unique small
RNA species in the initial sequencing data (Supplementary
Table S1). The vast majority of sciRNAs were identified in
only one cell type (Figure 1C), suggesting either a high de-
gree of cell type-specificity or that there are more sciRNAs
to be discovered. In addition, about 40% of sciRNAs were
known miRNAs, endo-siRNAs or piRNAs (Figure 1D),
with additional sciRNAs being novel small RNA species.
Figure 1E shows an example of a novel small RNA induc-
ing Ago2-dependent cleavage ofMtrr. These results suggest
that small RNA-mediated target cleavage in mouse may be
much more widespread than previously appreciated.
Experimental and genomic validations of sciRNA-target pre-
dictions
To provide experimental support, we carried out in vitro
cleavage assays for four predicted cleavage events using
HeLa S100 extracts and synthetic sciRNAs (Figure 1F, Sup-
plementary Table S3). These events were picked to repre-
sent different types of target genes: a protein-coding gene
(Kpna4) and non-coding genes including a lncRNA (NON-
MMUG002900), a pseudogene (Zfp389), and an antisense
transcript of Traf3ip2. We observed an increasing amount
of cleavage products with increasing S100, confirming the
validity of the predicted targets.
To further validate our predictions, we applied the
pipeline to Deg-Seq of Ago2-/- mESCs (8). This analysis
yielded only 58 sciRNA-target pairs, about 5% of those pre-
dicted usingWTDeg-Seq (Table 1). This result is consistent
with the expectation that Ago2 is the main executor of tar-
get RNA cleavage and serves as validation of our method.
The false discovery rate of our method is at most 5%, which
could be an over-estimate since the above 58 sciRNA-target
pairs likely include true cleavage events mediated by pro-
teins other than Ago2.
To complement this analysis, we next examined whether
sciRNAs were frequently bound by Ago2 in mESCs us-
ing Ago2 CLIP-Seq data (22). Compared to control small
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Figure 2. Genomic data supporting the validity of sciRNA-target predic-
tions. (A) Empirical cumulative frequency of abundance ofAgo2CLIP-Seq
reads containing sciRNA sequences (blue) or control sequences randomly
picked from Dicer-independent Dgcr8-independent small RNAs (grey) in
WTmESCs (P= 2.2e-16, two-sidedKolmogorov–Smirnov (KS) test, same
below). (B) Similar to (A), excludingmiRNAs (P= 2.1e-10). (C) Similar to
(A), comparing abundance ofCLIP reads coveringDeg-Seq peaks in target
genes (red) or controls (grey, see SupplementaryMethods) (P= 0.003). (D)
Deg-Seq peak abundance in wild type (WT) and Ago2 knockout mESCs
(P < 2.2e-16).
RNAs (see SupplementaryMethods), sciRNAswere bound
by Ago2 more often in wild type mESCs (Figure 2A). To
rule out the possibility that canonical miRNAswere driving
the observed sciRNA association with Ago2, we excluded
miRNAs from the pool of sciRNAs. The remaining sciR-
NAs were still enriched in Ago2 CLIP (Figure 2B). Again,
these data confirm that sciRNA function is dependent on
Ago2.
We next asked whether the cleavage sites in predicted tar-
get genes were associated with Ago2. Compared to controls
with similar read coverage (see Supplementary Methods),
we observed a highly significant enrichment of Ago2 CLIP-
Seq reads for the target sites (Figure 2C). In addition to
Ago2-association, we examined whether the Deg-Seq abun-
dance of the target sites was dependent on Ago2 using Deg-
Seq of Ago2-/- mESCs (8). We observed that sciRNA tar-
gets sites had significantly reduced Deg-Seq abundance in
Ago2-/- mESCs compared to wild type cells (Figure 2D).
Together, these results strongly support the validity of the
predicted sciRNAs and their cleaved targets.
Small RNAs from diverse classes function as sciRNAs
Since sciRNAs are defined based on a common function
(i.e. target cleavage), we hypothesized that a universal path-
way may not explain their biogenesis. Rather, sciRNAsmay
include multiple types of annotated or novel small RNAs.
To better understand sciRNAbiogenesis, we examined their
(i) annotation, (ii) dependence on the microprocessor in
mESCs (20) and (iii) long hairpin RNA (hpRNA) structure
(see Supplementary Methods, Figure 3A).
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Table 1. Summary of the final sets of predicted sciRNAs, targeted cleavage sites and their combinations
Mismatches allowed Predicted sciRNAs Predicted sciRNA cleavage sites Total sciRNA-target pairs
Cerebellum 1.5 21 8 30
Testis 1.5 103 599 1772
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Figure 3. Characterization of sciRNAs. (A) Categorization of sciRNAs in mESCs, testis and cerebellum according to: (i) annotation (inner circle), (ii)
dependence on the microprocessor (outer circle, light blue) and (iii) long hpRNA structure (outer circle, pink). In mESCs, 1 unmapped sciRNA was
excluded. (B) RNAfold structure of sciRNA 24792 (red) and flanking regions (within the Ccdc30 gene). This sciRNA was predicted in mESCs. Two
inverted B1 repeats (Repeatmasker) are labeled. (C) Hierarchical clustering of sciRNA expression levels (reads per million, RPM) in mESCs and different
stages of testis development. E14: embryonic day 14; E18: embryonomic day 18; 3wk PN: 3-week postnatal; 6M PN: 6-month postnatal. In the heatmap,
RPM values of all sciRNAs that were identified originally in mESCs or 6M PN testis were visualized for each sample. Stacked bars on the right show the
percentage of sciRNAs (among those with RPM ≥ 1) specific to mESCs (defined as those that were only identified in mESCs by the pipeline in Figure 1A,
but not in the testis 6M PN data), testis 6M PN (similarly as defined above) or common to both. Note that some sciRNAs predicted originally in mESCs
or testis may be excluded in the stacked bars due to low RPM. (D) Similar to (C), for cerebellum development. E10: embryonic day 10.
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In mESCs and testis, miRNAs only explained 18% and
9.7% of sciRNAs, respectively, whereas 76.2% of sciRNAs
were miRNAs in cerebellum (Figure 3A). In mESCs and
cerebellum, many miRNAs had canonical microprocessor
dependence (Dicer- and Dgcr8-dependent) based on data
derived from mESCs (20). In contrast, no miRNAs in
testis had the canonical microprocessor signature. These
may be incorrectly annotated miRNAs, miRNAs gener-
ated by non-canonical pathways or canonical miRNAs in
testis but with no microprocessor dependence in mESCs
(since microprocessor dependence was evaluated using data
from mESCs). The three cell types also differed dramat-
ically in the number of predicted endo-siRNAs (Dicer-
dependent and Dgcr8-independent), with mESCs having
the most endo-siRNAs. Many (64%) of these endo-siRNAs
in mESCs had long hairpin structure, consistent with their
biogenesis model. Notably, an additional 9.4% and 12.6%
of sciRNAs in mESCs and testis, respectively, also had pre-
dicted long hairpin structure (Figure 3A), thus are likely
endo-siRNAs. Figure 3B illustrates an example of sciRNA-
hosting long hairpin structure generated by inverted B1 se-
quences in mESCs.
Another category of sciRNAs consists of those that ap-
pear to be shorter forms of full-length non-coding RNAs
from Rfam and piRNABank databases. For example, in
testis, a large fraction (27.2%) of sciRNAs overlapped
piRNA sequences, consistent with the high abundance of
piRNAs in this tissue. piRNAs appeared to be trimmed
from the 5′ end, 3′ end or both, to generate sciRNAs
(Supplementary Figure S4), indicating existence of ad-
ditional processing mechanisms. Similarly, tRNAs, snR-
NAs and rRNAs were also identified as possible sciRNA-
generating RNAs, all of which were reported previously to
produce small RNAs (23,24). The last category of sciR-
NAs aligned to annotated genes that are not miRNA/endo-
siRNA/Rfam/piRNA genes (‘other genes’ in Figure 3A).
Their biogenesis mechanisms remain unknown.
sciRNA expression varies during testis and cerebellum devel-
opment
Since sciRNA populations in mESCs, adult testis and adult
cerebellum were largely distinct, we examined the diver-
gence process of sciRNA profiles from mESCs to the adult
cells during development. We obtained small RNA se-
quencing data to examine sciRNA expression in several
developmental stages of testis and cerebellum. We then
compared expression profiles of sciRNAs between mESCs
and testis (Figure 3C), or between mESCs and cerebel-
lum (Figure 3D). Specifically, sciRNAs identified in mESCs
or the adult tissue (testis 6M PN or cerebellum 6M PN)
were labeled as mESC-specific (if predicted in mESC data
only), adult tissue-specific (if predicted in adult tissue only)
or common to both. Interestingly, we observed recipro-
cal changes in the relative enrichment of expressed mESC-
specific and adult tissue-specific sciRNAs during the de-
velopment of both testis and cerebellum. Thus, mESC-
specific sciRNAs were gradually replaced by tissue- and
adult-specific sciRNAs as the cells mature.
Notably, cerebellum and testis demonstrated different
patterns of sciRNA expression during development. A con-
siderable portion (25–30%) of sciRNAs in cerebellum was
also present in mESCs, which was a general observation for
all developmental stages (‘Both,’ Figure 3D). In contrast,
sciRNAs common to both mESCs and testis were rare in
all developmental stages (‘Both,’ Figure 3C). In testis stages
embryonic day 18 (E18) and later, the majority of sciRNAs
were testis-specific. On the other hand, there were few testis-
specific sciRNAs at E14. This time point approximately pre-
cedes the development and proliferation of prospermato-
gonia (25). Thus, it is possible that sciRNAs in testis are
primarily generated during spermatogenesis and largely dis-
tinct from those in mESCs or other tissues (e.g. brain).
In striking contrast to sciRNAs,miRNAprofiles (exclud-
ing sciRNAs)weremuchmore stable across all developmen-
tal stages included in this study (Supplementary Figure S5).
Amuch larger fraction of miRNAs was common to mESCs
and different stages of testis or cerebellum.Additionally, the
difference between testis and cerebellum was not as pro-
nounced as that observed for sciRNAs. The considerable
distinction in the developmental- and tissue-specific profiles
of sciRNAs and non-sciRNA miRNAs indicates that these
two classes of small RNAs may have distinct cellular func-
tions.
sciRNAs target non-coding regions of genes spanning diverse
functional categories
Target genes in the three cell types demonstrated little over-
lap, with only 40 genes in common between any two samples
(Figure 4A). This apparent tissue specificity is mainly due
to the tissue-specific expression of sciRNAs. The number of
sciRNAs expressed in a particular tissue but not predicted
to induce cleavage was a small minority (Supplementary Ta-
ble S4).
Strikingly, the majority of cleavage sites within coding
genes was located in 3′ UTRs in all cell types, much more
than expected by chance (Figure 4B). Since our search of
cleavage sites was across the entire mRNAs, this 3′ UTR
enrichment strongly testifies to the validity of our results. It
should be noted that miRNAs are primarily known to tar-
get 3′ UTRs (26), which could arguably be partially due to
the intense focus on 3′ UTRs in prediction algorithms and
the usage of evolutionary conservation as a requirement of
target sites. Thus, our study supports 3′ UTR targeting by
small RNAs in an unbiased manner.
Besides the non-coding 3′ UTRs, many of the sciRNA
targets are non-coding transcripts, derived from lncRNAs,
pseudogenes or other non-coding RNAs in GENCODE
and NONCODE annotations (Figure 4B and C). In all cell
types, lncRNAs account for the majority of non-coding tar-
gets. A relatively large fraction of targets in testis and cere-
bellum was regulated by miRNAs (Supplementary Figure
S6), whereas novel small RNAs derived from other genes
account for the majority of targeting in mESCs.
Among the predicted sciRNA target genes, many are as-
sociated with important functional relevance. Figure 4D
shows a subset of such genes grouped into transcription fac-
tors (27), ubiquitin related genes, splicing related genes and
cancer-testis antigens (28). Importantly, most of these tar-
get genes demonstrated negative correlation in gene expres-
sion levels (measured by RNA-Seq of testis samples at dif-
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Figure 4. Characterization of sciRNA targets. (A) Venn diagram of target genes predicted in mESCs, testis and cerebellum. (B) Distribution of target
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ferent developmental stages) relative to their corresponding
sciRNA expression (SupplementaryMethods), further con-
firming the predicted functional relationship of sciRNAs
and targets.
We also carried out pathway, ontology and Ingenuity
network analyses for protein-coding and non-coding target
genes to obtain a comprehensive view of functional rele-
vance (Supplementary Table S5). Overall, sciRNA targets
are involved in a diverse spectrum of functional categories,
enriched with developmental-related processes and basic
cellular function (cellular assembly and organization, cell
morphology and cell cycle).
sciRNAs and target genes are enriched with repetitive ele-
ments
Although the biogenesis pathways of sciRNAs appear di-
verse, a unifying feature of the sciRNAs and their targets is
their substantial overlap with repetitive elements. The ma-
jority of sciRNAs in mESCs and testis are repetitive, with
most aligned to SINE elements, especially the B1 subclass
(comparable to human Alus) (Figure 5A). Repetitive sciR-
NAs often target more RNAs than non-repetitive sciRNAs
(Supplementary Figure S7A). Furthermore, we observed
that B1-derived sciRNAs mapped to specific sub-regions of
the consensus B1 sequence (Repbase (29)) in both sense and
antisense orientations (Supplementary Figure S7B). Thus,
many sciRNAs may be derived from pairs of inverted B1
repeats, as shown for Ccdc30 (Figure 3B). Since the above
observation applies to both mESCs and testis, sciRNA bio-
genesis likely shares similar pathways and genomic features
in the two cell types despite the involvement of different
sciRNA species.
Similar to sciRNAs, the majority of target cleavage sites
were in B1 elements (Figure 5B), and their ±5 nt sequences
mapped to similar regions of the consensus B1 sequence
as sciRNAs (Supplementary Figure S7B versus S7C). Be-
cause the majority of sciRNA cleavage sites are located in
SINEs, we next tested whether this is a unique feature of
sciRNA-directed degradation or common in the global De-
gradome. In contrast to the significant enrichment of SINEs
in sciRNA-targeted cleavage sites, the remaining cleavage
sites in the rest of the Degradome were rarely in SINE re-
gions (Figure 5C). The fraction in repetitive regions only
slightly increased when all types of repeats were consid-
ered, suggesting that SINE elements are driving this phe-
nomenon (Supplementary Figure S7D).
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To ensure that the relative enrichment of SINEs in target
sites was not artificially inflated as a result of non-unique
mapping of the Deg-Seq reads, we examined the sequence
uniqueness of the flanking regions of predicted cleavage
sites. The majority of target sequences were unique among
all predicted targets of a specific cell type regardless of the
length of flanking regions, although targets in testis had the
smallest level of uniqueness (Supplementary Figure S7E).
We then reexamined the overlap between target cleavage
sites and repetitive elements after removing redundant tar-
get sequences. B1 elements were still enriched, confirming
that SINE elements are enriched in the target pool (Supple-
mentary Figure S7F). Thus, SINE-targeting, especially B1-
targeting, is a unique feature of sciRNA-mediated cleavage
in mouse.
Repetitive elements as signals for sciRNA targeting
It was previously speculated that SINEs are used as sig-
nals for miRNA targeting (30–32). However, other stud-
ies presented evidence against this postulation, showing
that canonical miRNA targeting avoided Alu elements (33).
Here, we suggest that B1 elements in mice serve as signals
for small RNA targeting through endonucleolytic cleavage
instead of the canonical miRNA pathway. If this specula-
tion holds, then Ago2 should bind to sciRNA targets in B1
regions more often than to predicted canonical miRNA tar-
gets in B1 regions. To test this hypothesis, for miRNAs ex-
pressed in mESCs, we focused on their predicted canonical
targets (as defined in microrna.org (34)) where the target
sites are located in B1 elements. These targets were sepa-
rated into two groups: those with target sites overlapping
our predicted sciRNA target, and those that neither over-
lapped a sciRNA target nor contained a Deg-Seq peak
(Supplementary Methods). It should be noted that only 2%
(68 005 / 3 316 252) of the predicted canonical miRNA tar-
gets were in B1 regions. We observed that Ago2 binds to the
first groupmore often than the second (Supplementary Fig-
ure S7G). The above results support our hypothesis that B1
elements are likely signals for sciRNA-mediated cleavage.
Next, we asked whether sciRNA-mediated targeting of
B1 elements is under evolutionary selection. Since repetitive
regions are poorly conserved across species, a conventional
multi-species sequence conservation analysis was not feasi-
ble. Instead, we conducted an analysis of SNP enrichment in
sciRNA target sites using knownmouse SNPs (Supplemen-
tary Methods). Strikingly, we observed that SNPs were sig-
nificantly depleted in sciRNA-targeted B1 sequences com-
pared to the flanking B1 regions (Figure 5D), suggesting
that sciRNA targets are under selection for sequence con-
servation. This finding also indicates that sciRNA-mediated
regulation has potential functional significance.
Small RNA-guided endonucleolytic cleavage in human ESCs
also targets retrotransposons
To investigate sciRNA-guided cleavage in human cells, we
obtained small RNA-Seq and Deg-Seq data from human
H1 ESCs (Supplementary Table S1) and conducted the
same analysis as for the mouse data sets. A total of 34 sciR-
NAs and 23 target genes were identified (allowing up to two
mismatches in the alignment), with about 50% sciRNAs be-
ing annotated miRNAs (Supplementary Figure S8A). The
lower numbers of sciRNAs and targets compared tomESCs
could be explained by lower depth of small RNA sequenc-
ing in human (Supplementary Table S1). Alternatively, dif-
ferences in the repetitive sequences and their distribution in
human and mouse genomes may also account for this dif-
ference. Nevertheless, these results allow an examination of
the global properties of human sciRNAs and targets. Simi-
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lar to their mouse counterparts, they were enriched with se-
quences overlapping retrotransposons (Supplementary Fig-
ure S8B and S8C). However, in addition to SINE (Alu)
elements, LINE (L2) elements were considerably enriched
among human sciRNAs and their target sites. Similar to
mouse sciRNA targets, human target sites were often lo-
cated in non-coding genes or 3′ UTRs of coding genes (Sup-
plementary Figure S8D). Furthermore, functional analysis
of human targets revealed similar categories as for mouse
targets (Supplementary Figure S8E, Supplementary Table
S5).
Despite the above high similarities in general properties
of sciRNA targeting between human and mouse, the spe-
cific types of retrotransposons enriched in the human data
are different from those in mouse. This is likely explained
by the apparent difference in abundance, sequence composi-
tion and activity of retrotransposons across the two species
(35,36). Thus, the sciRNA pathway is a conserved mech-
anism between human and mouse but leverages different
sciRNA molecules, possibly to adapt to the divergence of
retrotransposons between the two genomes.
DISCUSSION
We report a global analysis of endonucleolytic RNA cleav-
age events in mouse ESCs, testis and cerebellum. In mam-
mals, mRNA cleavage was not previously considered a ma-
jor pathway for small RNA-guided mRNA degradation,
with a small number of genes predicted as targets of this
mechanism (4–8). Our analysis revealed an expanded reper-
toire of hundreds of sciRNAs and their corresponding tar-
get genes in mouse and human, suggesting that this regula-
tory pathway is conserved and relatively prevalent in a cell-
type specific manner. Given the potential functional signifi-
cance of the target genes in development and essential cellu-
lar processes, sciRNA-mediated cleavage may have a much
more profound impact on gene regulation and cellular func-
tion than previously appreciated.
We defined sciRNAs based on a unifying function, i.e.
those that are predicted to cleave target RNAs via near per-
fect sequence complementarity. Thus, it is not surprising to
find sciRNAs potentially reflecting diverse biogenesismech-
anisms and overlapping known small RNAs of different cat-
egories (miRNAs, siRNAs, piRNAs). Despite this diversity,
sciRNA expression appears to be under close regulation, as
manifested by their striking expression specificity to devel-
opmental stages and cell types in contrast to all miRNAs
(Figure 3C and D, Supplementary Figure S5). In addition
to known categories of small RNAs, many sciRNAs were
novel, with unknown biogenesis mechanisms and derived
from genomic regions of known genes. These data suggest
that the biogenesis and regulated expression of sciRNAs
need further investigation.
Despite their heterogeneity in biogenesis, a salient fea-
ture of sciRNAs and their target regions is the enrichment
of repetitive sequences, especially of the B1 class in mouse.
Retrotransposons are very prevalent in mammals, account-
ing for more than 40% of the human and mouse genomes.
However, little is known regarding the functional impli-
cation of their presence within genes. It was speculated
that miRNAs or other small RNAs may target SINE ele-
ments embedded in mRNAs, and therefore the SINEs are
used as signals for gene targeting (30–32). Yet, support-
ing data for this speculation was lacking. Studies that im-
posed the canonical miRNA targeting rules (requiring seed
matching) predicted that Alu elements avoid targeting by
miRNAs, thus providing data against the above specula-
tion (33). Our results reconcile the seemingly conflicting hy-
potheses and data by supporting that B1 elements within
murine RNA transcripts serve as signals for small RNA tar-
geting, but through the endonucleolytic cleavage pathway
instead of the canonical miRNA targeting based on seed
matches alone. As retrotransposable elements spread across
the genome and into non-coding regions of genes, sciRNA-
mediated regulatorymechanismsmay have evolved to lever-
age the abundant repetitive elements as signals for gene tar-
geting, although this hypothesis remains to be tested.
Capturing such targeting events may have been difficult
due to the repetitive nature of the small RNAs and their
target sites. Non-uniquely mapped reads in sequencing data
analysis are often excluded because they are difficult to in-
terpret. In this study, non-unique alignments of Deg-Seq
reads were retained, with their abundance normalized by
total number of non-unique matches to the genome (Mate-
rials andMethods). Nevertheless, we observed that the ma-
jority of cleavage site-flanking sequences were unique, sug-
gesting that enrichment of repetitive targets was not over-
estimated (Supplementary Figure S7E and F). The recogni-
tion of retrotransposons in RNA transcripts allows for tar-
geting of multiple repeat-containing transcripts by a single
sciRNA (Supplementary Figure S7A). However, it should
be noted that the number of targets of a typical sciRNA is
much smaller than that of canonical miRNAs. sciRNAs are
still highly specific to their respective targets given their ex-
tended sequence complementarity and the high degree of di-
vergence and uniqueness among retrotransposable elements
(37).
It should be noted that our method imposed stringent
criteria in predicting sciRNA-target relationships. In using
the SNR approach, we assumed that sciRNAs should have
more targets than expected by chance. Due to the require-
ment of extended sequence complementarity, many true
sciRNAs may only target a small number of genes. As a re-
sult, a true sciRNA may not have a high SNR. Thus, it is
possible that many more sciRNAs exist than presented in
our study.
In summary, we report the discovery of a large num-
ber of sciRNAs and their cognate targets in mouse and
human cells. This mode of gene regulation was previously
poorly characterized in mammals.We demonstrate that this
pathway mainly targets retrotransposons in mammalian
genomes, and likely plays essential roles in gene regulation
in a developmental stage- and cell type-specific manner.
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